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Part of the gene signature identiﬁed
Frequency Gene symbol Gene name
8 Ltbp2 Latent transforming growth factor
beta binding protein 2
7 Col1a1 Collagen, type I, alpha 1
7 Col1a2 Collagen, type I, alpha 2
7 Col6a2 Collagen, type VI, alpha 2
7 Fn1 Fibronectin 1
7 Jag1 Jagged 1
7 Timp3 Tissue inhibitor of metalloproteinase 3
7 Tspan2 Tetraspanin 2
6 Emp1 Epithelial membrane protein 1
6 Inhba Inhibin beta-A
6 MMP14 Matrix metallopeptidase 14 (membrane-inserted)
6 MMP2 Matrix metallopeptidase 2
6 Nbl1 Neuroblastoma, suppression of tumorigenicity 1
6 Pcolce Procollagen C-endopeptidase enhancer protein
Table 1
Correlation coefﬁcients (Pearson) between LBP parameters and OARSI




Amount of different 3D
patterns in
trabecular bone
R¼0.83 A threshold is applied
to evaluate solely the
bone and not the
“empty spaces”
Amount of different 2D
patterns in
trabecular bone
R¼0.87 A threshold is applied
to evaluate solely the









R<-0.65 (R¼0.77) 14 patterns recognized.
Simples and mostly
oriented vertically
Amount of different 3D
patterns in
subchondral plate
R¼0.77 The amount of patterns
is normalized by the
volume of interest
(related to thickness)
Amount of different 2D
patterns in
subchondral plate
Not signiﬁcant Result irrelevant after
normalization due to
the limited amount of
possible patterns in 2D
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Purpose: Osteoarthritis (OA) causes progressive degeneration of
articular cartilage and pathological changes in subchondral bone. The
bone adaptation due to decrease of cartilage thickness can be
assessed volumetrically using micro-computed tomography (mCT)
imaging. The local binary patterns (LBP) analysis is a promising
method in the ﬁeld of medical image processing as it is quite
insensitive to monotonic greyscale variations. LBP allows performing
the analysis of local structures both in 2D (planar) and 3D (volu-
metrically). Therefore, the aim of this study was to characterize the
distribution of local patterns in the human subchondral bone at
different stages of OA.
Methods: 18 osteochondral samples were prepared from 13 OA
patients treated with total knee arthroplasty at Oulu University
Hospital. Samples were stored in phosphate-buffered saline (PBS)
and were scanned with mCT device at isotropic 27.8 mm voxel size
(Skyscan 1172, Bruker microCT, Kontich, Belgium). Trabecular (ﬁgure
1A) and subchondral bone plates were manually segmented. After
the mCT imaging, cylinders were formalin-ﬁxed, paraﬁn embedded
and sectioned. Sections of 5 mm were stained with Safranin O. His-
tological sections were graded by three independent evaluators
according to the standardized OARSI grading system and were
averaged to obtain a ﬁnal OARSI grade. Furthermore, LBP method
was applied to the mCT scans to evaluate the distribution of local
patterns. Brieﬂy, the neighborhood of a center pixel is checked for
evaluating the occurrences of equal/higher grey level values than in
the center pixel. For each pixel, a speciﬁc local pattern is then
determined based on the locations of these occurrences. The dis-
tribution of 2D local patterns was evaluated to estimate if some
speciﬁc patterns appear or disappear at different stage of OA in the
trabecular bone. Furthermore, the method was also applied volu-
metrically (26 neighbor pixels instead of 8) to evaluate a higher
amount of different local patterns both in subchondral plate and
trabecular bone.
Results: The range of OARSI grades of the samples was 1.33 - 6.25
(mean: 3.5  1.8). The results of the analyzed parameters are presented
in Table 1. The amount of different trabecular patterns assessed both in
2D and 3D showed that new patterns appear with the higher OA grades.
The evaluation of speciﬁc trabecular 2D local patterns showed the
apparition of complex patterns (more than 3 neighbor pixels with
higher/equal value than studied pixel) with increasing OA grade. At the
opposite, some simple patterns showed to disappear with higher OA
grades. By using a condition of jRj>0.65 for relevant increase/decrease
of speciﬁc patterns with increasing OA grade, 109 patterns oriented
horizontally were recognized to occur more often, while 14 patterns
oriented vertically were less common (ﬁgure 1B). The amount ofdifferent local patterns in subchondral plate was normalized to the
volume of interest and assessed only volumetrically, showing a
diminution of different local patterns for an increase in OA.
Conclusions: The present study presents for the ﬁrst time the dis-
tribution of local patterns in the subchondral bone at different stages of
OA using the LBP method. The results show the formation of “new”
trabecular local patterns when the OARSI grade increases. During an
increase of OA grade, the local trabecular patterns will become more
complex and connect to each other horizontally, generating more dif-
ferent patterns connecting each others. In the subchondral plate, nor-
malization was required as the volume of interest of the bone plate was
very different from one sample to another, and it was highly related to
the OARSI grade. Eventually, while the restricted amount of different
local patterns that can be assessed in 2D (256 possibilities) was an issue
for normalization, the volumetric analysis was able to solve this prob-
lem as it allows the recognition of substantially higher number of
patterns (w67 millions possibilities). The amount of different local
patterns in the subchondral plate decreased with inverse proportion to
the OARSI grade. To conclude, this study shows the relevance of the LBP
method in bone structure analysis related to OA. The obtained results
reveal the adaptation of the trabecular bone to OA and suggest the
possibility to assess OA level by evaluating the occurrences of speciﬁc
local bone patterns.
Figure 1. A) micro-CT scans of the segmented trabecular bone. B) Exam-
ples of studied pixels (in grey) and their corresponding local patterns. Up:
typical patterns disappearing with OA; down: typical pattern appearing
with OA.
